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Acronyms:
• CMB : Cosmic Microwave Background Following the pioneering observations with COBE in the early 1990s, studies of the cosmic microwave background (CMB) have primarily focused on temperature and polarization anisotropies. CMB spectral distortions -tiny departures of the CMB energy spectrum from that of a perfect blackbody -provide a second, independent probe of fundamental physics, with a reach deep into the primordial Universe. The theoretical foundation of spectral distortions has seen major advances in recent years, highlighting the immense potential of this emerging field. Spectral distortions probe a fundamental property of the Universe -its thermal history -thereby providing additional insight into processes within the cosmological standard model i (CSM) as well as new physics beyond. Spectral distortions are an important tool for understanding inflation and the nature of dark matter. They shed new light on the physics of recombination and reionization, both prominent stages in the evolution of our Universe, and furnish critical information on baryonic feedback processes, in addition to probing primordial correlation functions at scales inaccessible to other tracers. In principle the range of signals is vast: many orders of magnitude of discovery space can be explored by detailed observations of the CMB energy spectrum. Several CSM signals are predicted and provide clear experimental targets that are observable with present-day technology. Confirmation of these signals would extend the reach of the CSM by orders of magnitude in physical scale as the Universe evolves from the initial stages to its present form. Their absence would pose a huge theoretical challenge, immediately pointing to new physics.
Here, we advocate for a dedicated effort to measure CMB spectral distortions at the largest angular scales ( 1 • ) within the ESA Voyage 2050 Program (see Sect. 3.3 for roadmap). We argue that an L-class mission with a pathfinder would allow a precise measurement of all the expected CSM distortions. With an M-class mission, the primordial distortions (created at z 10 3 ) would still be detected at modest significance, while the late-time distortions will continue to be measured to high accuracy. Building on the heritage of COBE/FIRAS [2, 3] , a spectrometer that consists of multiple, cooled ( 0.1 K), absolutely-calibrated Fourier Transform Spectrometers (FTS) with wide frequency coverage (ν 10 GHz to a few×THz) and all-sky spectral sensitivity at the level of 0.1 − 0.5 Jy/sr would be the starting point for the M-class option. A scaled and further optimized version of this concept is being envisioned as the L-class option. Such measurements can only be done from space and would deliver hundreds of absolutely-calibrated maps of the Universe at large scales, opening numerous science opportunities for cosmology and astrophysics (see Sect. 3.4 for synergies). This will provide independent probes of inflation, dark matter and particle physics, recombination and the energy output of our Universe from at late times, turning the long-standing spectral distortion limits of COBE/FIRAS into clear detections.
COSMOLOGY BEYOND THERMAL EQUILIBRIUM
Cosmology is now a precise scientific discipline, with a detailed theoretical model that fits a wealth of very accurate measurements. Of the many cosmological data sets, the CMB temperature and polarization anisotropies provide the most stringent and robust constraints, allowing us to determine the key parameters of our Universe (e.g., the total density, expansion rate and baryon content) with unprecedented precision, while simultaneously addressing fundamental questions about inflation and early-universe physics. By studying the statistics of the CMB anisotropies with different experiments over the past decades we have entered the era of precision cosmology, clearly establishing the highly-successful ΛCDM concordance model [4] [5] [6] .
But the quest continues. Despite its many successes, ΛCDM is known to be incomplete. It traces the growth of structure in the Universe from primordial density perturbations to the modern era, but the origin of those perturbations remains poorly understood. In addition, in spite of relentless efforts, the nature of dark matter (DM) and dark energy remains a mystery. Together, these enigmatic components comprise 95% of the energy density of the Universe. Particle and high-energy physics offer candidate solutions for these problems (e.g., inflation and particle dark matter), but these inevitably require new physics beyond the Standard Model of particle physics. Precision measurements of the CMB energy spectrum open a new window into the physics of the early Universe, constraining cosmological models in ways not possible using other techniques. Departures of the CMB energy spectrum from a pure blackbody -commonly referred to as spectral distortions -encode unique information about the thermal history of the Universe, from when it was a few months old until today. Since the measurements with COBE/FIRAS in the early '90s, the skyaveraged CMB spectrum is known to be extremely close to a perfect blackbody at a temperature T 0 = (2.7255 ± 0.0006) K [3, 7] , with possible distortions limited to one part in 10 5 . This impressive measurement was awarded the 2006 Nobel Prize in Physics and already rules out cosmologies with extended periods of large energy release. Here we propose to revisit the measurement of the CMB spectrum with current and upcoming technology.
Main Types of Spectral Distortions
Spectral distortions are created by processes that drive matter and radiation out of thermal equilibrium after thermalization becomes inefficient at redshift z 2 × 10 6 . Examples are energyreleasing mechanisms that heat the baryonic matter or inject photons or other electromagneticallyinteracting particles. The associated signals are usually characterized as µ-and y-type distortions, formed by energy exchange between electrons and photons through Compton scattering [9] [10] [11] [12] [13] . Compton scattering is inefficient at z 5×10 4 , yielding a y-type distortion, which probes the thermal history during recombination and reionization ( Fig. 1) . In contrast, a µ-type (or chemical potential) distortion forms at z 5 × 10 4 , when Compton scattering is very efficient. A µ-distortion cannot be generated at recent epochs and thus directly probes events in the pre-recombination era.
The simple classical picture has been refined in recent years. We now understand that the transition between µ-and y-type distortions is gradual (see intermediate regime in Fig. 1 at redshifts 10 4 z 3 × 10 5 ) and that the signal contains additional time-dependent information [14] [15] [16] . This extra information is contained in the residual or r-type distortion, which cannot be described by a simple sum of µ and y, and thus can be used to distinguish energy release mechanisms [17, 18] .
It was also shown that distortions created by photon-injection mechanisms can exhibit a rich spectral phenomenology [19] . One prominent example is the distortion created by the cosmological recombination process [20] [21] [22] (see Fig. 1 ). Additional epoch-dependent information can be imprinted by non-equilibrium processes in the pre-recombination hydrogen and helium plasma [23] [24] [25] or by non-thermal particles in high-energy particle cascades [e.g., 19, [25] [26] [27] [28] .
Spectral distortions thus provide more than just a simple integral constraint for cosmology. They are a unique and powerful probe of a wide range of interactions between particles and CMB photons, reaching back all the way from the present to a few months after the Big Bang and allowing us to access information that cannot be extracted in any other way. Broad overviews of the CMB spectral distortion science case can be found in [14, 21, [29] [30] [31] [32] [33] [34] [35] [36] [37] ].
CMB Spectral Distortion Signals Across the Sky
CMB distortion signals span a wide range of spectral shapes. Another important way to distinguish distortions is through their distribution across the sky. CMB spectral distortions are usually isotropic signals, directly imprinted in the energy distribution of the sky-averaged CMB (i.e., the monopole). To extract spectral distortions one therefore has to measure the absolute photon flux at different frequencies, while the direction on the sky is secondary. This requires accurate absolute calibration [2, 38] or accurate channel inter-calibration [21, 39] , which can be achieved with experimental concepts like PIXIE [40, 41] . To minimize foreground contaminations, prior knowledge (e.g., from Planck) can be used to optimize the scanning strategy and beam size. This implies that spectral distortion measurements at large angular scales ( 1 • ) are optimal.
However, CMB spectral distortions can also have anisotropic components. One prominent example is due to the Sunyaev-Zeldovich (SZ) effect [10, 42] caused by the scattering of photons by energetic electrons inside clusters of galaxies, which has become an important tool for cosmology [e.g., 43] . In contrast, anisotropic µ-or y-distortions from the pre-recombination era (z > 10 3 ) are expected to be negligible, can, however, be boosted to visible levels due to super-horizon mode correlations, e.g., caused by primordial non-Gaussianity [44] [45] [46] [47] (see Sect. 2.2). The CMB dipole spectrum is furthermore distorted due to our motion with respect to the CMB restframe [48] [49] [50] . Line and resonance scattering effects also leave anisotropic imprints (Sect. 2.8 and 2.9). All these signals can be correlated against tracers of both primordial density perturbations and largescale structure to further probe cosmic evolution [44, 45, [51] [52] [53] [54] [55] . Measurements of distortion anisotropies may furthermore shed new light on the origin the large-scale CMB anomalies [56] .
The focus of this white paper is to optimize towards measurements of distortions signals at large angular scales ( 1 • ), primarily targeting the monopole signals. A more detailed discussion of possible experimental concepts is left to Sect. 3; however, in the following, PIXIE [40, 41] and an enhanced version, Super-PIXIE [57] , will be used as benchmarks. In the presence of foregrounds, PIXIE could reach one standard deviation errors of σ(y) 3.4 × 10 −9 and σ(µ) 3 × 10 −8 , while Super-PIXIE could reach σ(y) 1.6 × 10 −9 and σ(µ) 7.7 × 10 −9 (see Sect. 3.2, Fig. 10 ). Both concepts would improve the long-standing distortion limits of COBE/FIRAS |y| < 1.5 × 10 −5 and |µ| < 9 × 10 −5 (95% c.l.) [2, 3] by several orders of magnitude. A dedicated high-resolution CMB imager approach is discussed in [58] to enable precise spectral measurements at small angular scales, targeting SZ clusters, high-line-scattering signals and other secondary CMB anisotropies.
Finally, we mention that polarized CMB spectral distortions are usually negligible, such that one can in principle focus on intensity measurements only. However, polarization sensitivity could be useful for component separation. It was furthermore demonstrated that polarization-sensitive spectrometers like PIXIE [40, 41] could place tight constraints on the tensor-to-scalar ratio, r, reaching σ(r) 10 −3 [40, 41] , and could deliver a cosmic-variance-limited measurement of the Thomson optical depth, τ [59] , to complement future ground-based experiments in their efforts to measure neutrino masses (e.g., CMB-S4). Polarization capabilities should thus still be considered when designing future CMB spectrometers. 
SPECTRAL DISTORTIONS AS NOVEL TESTS OF ΛCDM AND BEYOND

CMB Spectral Distortions as a Probe of Inflation Physics
A central question in modern cosmology is the origin of the observed primordial density perturbations. Measurements from CMB anisotropies and large-scale structure find a nearly scaleinvariant power spectrum P(k) k n S −1 with spectral index n S = 0.965 ± 0.004, sampled over a range of spatial scales k 10 −4 to 0.1 Mpc −1 [60] . Their phase coherence is evidence for their super-Hubble nature, and their near scale-invariance is evidence of a weakly broken shift symmetry in the underlying theory. However, their precise origin is as of yet unknown.
Inflation provides a widely accepted framework for generating these initial fluctuations [61] [62] [63] [64] , with the simplest models generically predicting a small departure from scale-invariance (with n S < 1) as the inflaton rolls down its potential [65] [66] [67] [68] . However, various alternatives to inflation have been proposed [69] [70] [71] [72] [73] [74] [75] [76] [77] and no clear theoretical consensus has yet emerged. Searches for primordial B-mode patterns in CMB polarization could yield additional evidence for the simplest inflationary models. CMB polarization measurements so far only provide upper limits [60, 78] with no firm target from theory for a guaranteed detection. However, detection of a tensor to scalar ratio of r 10 −3 is a distinguishing benchmark for large-field models, which in certain realizations further manifest the specific relation r (1 − n S ) 2 [e.g., 61, 79] .
Spectral distortions provide a unique new probe of primordial density perturbations. Inflation may or may not be a valid description of the early Universe, but density perturbations are known to exist; regardless of their origin, dissipation of these perturbations through photon diffusion (↔ Silk damping) in the early Universe will distort the CMB spectrum at observable levels [81] [82] [83] [84] [85] . The signal (µ+y+r-distortion) can be accurately calculated using simple linear physics and depends on the amplitude of primordial perturbations at scales with wavenumbers k 1 − 10 4 Mpc −1 , some ten e-folds further than what can be probed by CMB anisotropies (Fig. 2) . Given an initial curvature power spectrum, P(k) = 2π 2 k −3 P(k), the average µ-distortion can be estimated with [e.g., 86, 87] :
using an appropriate k-space window function, W µ (k), which receives most of its contributions from k 10 2 Mpc −1 − 10 4 Mpc −1 . If the near scale-invariance of the power spectrum observed on large scales persists to these much smaller scales, then the predicted distortion, µ (2.3 ± 0.14) × 10 −8 [36, 84, 88] , could be observed using current technology (Sect. 3). Detecting this signal extends our grasp on primordial density perturbations by over three orders of magnitude in scale, covering epochs that cannot be probed directly in any other way. A non-detection at this level would be a serious challenge for ΛCDM, immediately requiring new physics.
Measurements of µ-distortions are directly sensitive to the power spectrum amplitude and its scale-dependence around k 10 3 Mpc −1 [18, 86, 89, 90] . Within the slow-roll paradigm, this provides a handle on higher-order slow-roll parameters (often parametrized as running of the tilt or running of the running), benefiting from a vastly extended lever arm [18, [91] [92] [93] . Outside of standard slow-roll inflation, large departures from scale-invariance are well-motivated and often produce excess small-scale power (e.g., features [94] [95] [96] or inflection points [97] [98] [99] [100] [101] [102] in the potential, particle production [103] [104] [105] [106] [107] , waterfall transitions [108] [109] [110] [111] [112] , axion inflation [113] [114] [115] , etc. [87] ), implying the presence of new physical scales that can be probed with spectral distortions ( Fig. 2 ). In this respect, a non-detection of the predicted µ-distortions could establish a link to a possible primordial origin of the small-scale structure crisis [116, 117] . Spectral distortions are also created by the dissipation of small-scale tensor perturbations [118, 119] and depend on the perturbation-type (i.e., adiabatic vs. iso-curvature) [120] [121] [122] [123] , providing additional ways to test inflation scenarios in uncharted territory.
Working within the slow-roll inflation paradigm, in Fig. 3 , we further illustrate the gains in estimating the running of the spectral index when combining CMB anisotropy measurements with a CMB spectrometer. Due to the extended lever arm, small changes in n run significantly affect the µ-distortion amplitude [see 84, for illustrations and approximations]. Thus, CMB spectral distortion measurements allow improving constraints on n run [18, [90] [91] [92] [93] . The expected improvement is larger for n run > 0, while it is lower for n run < 0, due to the change in the value of µ [e.g., 18 ].
For standard slow-roll inflation models, n run is very close to zero, consistent with current best constraints from Planck: n run = −0.0041 ± 0.0067 [60] . Assuming a fiducial value of n run = 0 and combining Planck with a future spectrometer could tighten the error on n run by a factor of 1.7 to σ(n run ) 0.004 if a distortion sensitivity σ(µ) 5 × 10 −9 is achieved (see Fig. 3 ). To reach σ(n run ) 0.0033, as plausible for the funded Simons Observatory (SO) together with a cosmicvariance-limited measurement of τ [124] , in combination with Planck one requires σ(µ) 3×10 −9 . A cosmic-variance-limited measurement of τ itself is possible with a polarizing spectrometer, yielding σ(τ) 0.002 [59] , but is also expected to become available with Litebird [125] . By combining a spectrometer with iii SO+τ, at σ(µ) 2 × 10 −9 we can further improve the error on n run to σ(n run ) 0.002, another factor of 1.7 better than SO+τ alone. This highlights some of the potential for spectral distortions as a probe of standard slow-roll inflation physics.
Primordial Non-Gaussianity
Spectral distortion anisotropies also can be used to probe local-type primordial non-Gaussianity at small scales [44] [45] [46] [126] [127] [128] [129] [130] [131] [132] , an exciting direction that complements other probes and could shed light on multi-field inflation scenarios [133] . As discussed above, the dissipation of primordial acoustic modes on small scales generates a guaranteed contribution to the isotropic µ-and ydistortions. Non-Gaussian (NG) couplings between short-and long-wavelength modes create inhomogeneities in the amplitude of the small-scale power, which in turn lead to an anisotropic spectral distortion that correlate with tracers of the long-wavelength modes [44, 45] .
Broadly speaking, most of the information about the non-Gaussianity generated by different early-universe models can be captured by the Fourier transform of the 3-and 4-point correlation functions, respectively, the primordial bispectrum and trispectrum. At large scales, these have been tightly constrained by the Planck collaboration analysis of the CMB temperature and polarization anisotropies (respectively T and E) bispectrum and trispectrum [134] . In contrast, cross correlations of T and E with µ-distortions anisotropies probe an interesting class of bispectra [e.g. 45, 126, 127] and poly-spectra [e.g. 135] that peak in squeezed configurations, with one of the momenta much smaller than the others. In this category falls the local model bispectrum, whose amplitude f loc NL can discriminate between single and multi-field inflation. The measurement of µ-T cross correlation will set the first upper bound on f loc NL on small scales (k ≈ 740 Mpc −1 ), shedding light on possible scale-dependence of the NG parameters [46, 126] , thus complementing parametric searches performed on the vastly different CMB anisotropy scales [136, 137] .
Spectral distortion anisotropies can be targeted by both CMB spectrometers or differential CMB imagers. The angular cross-correlation µ-T can be expressed as [45, 129] 
where µ is the average dissipation µ-distortion (e.g., Eq. 1), T T is the temperature transfer function, r ls is the comoving distance to last scattering and k rec is the diffusion-damping scale at the epoch of recombination (see Fig. 4 ; left). The exact degeneracy between f loc NL and the spectral distortion monopole means that to interpret the data -in principle measurable with a differential CMB imaging instrument -also requires an absolute measurement [129] . A larger monopole would enhance the signal, and thus render NG signals more observable. While we limit our discussion to the correlation with temperature anisotropies, further improvements in sensitivity to f loc NL can be achieved by considering y-T , y-E and µ-E correlations [129] [130] [131] . Figure 4 (right) shows the reconstruction of the µ-T correlation signal between CMB temperature and µ-distortion anisotropies for the PICO experiment [139] after foreground mitigation and "deprojection" of residual CMB temperature anisotropies in the reconstructed µ-map with the Constrained-ILC method [140] (to eliminate spurious residual T T correlations in the µ-T crosspower spectrum). For a PICO-type space mission, the µ-T cross-power spectrum for µ = 2 × 10 −8 and f loc NL (k 740 Mpc −1 ) = 4500 is recovered without bias at large angular scales and detected at 2σ significance when including the recovered modes at 2 ≤ ≤ 500. This result is not biased by secondary and line-of-sight effects [132] . For f loc NL (k 0 ) 5 at CMB pivot scale, k 0 = 0.05 Mpc −1 , this would impose a limit of n NL 1.6 on the spectral index of f loc NL (k) f NL (k 0 )(k/k 0 ) n NL −1 for scaledependent non-Gaussianity, providing a new way to constrain non-standard early-universe models (e.g. multifield inflation). These limits complement those from Planck and future experiments like the SKA and SphereX, which could reach f loc NL O(1) [141, 142] at much larger scales. As demonstrated in [138] , coverage at frequencies below 40 GHz is more important for a detection of the enhanced µ-T correlation than high frequencies. This is because the µ-distortion energy spectrum is more degenerate with the CMB temperature blackbody spectrum at high frequencies.
Nevertheless, high frequencies are needed to clean dust foregrounds at large angular scales, necessitating broad spectral coverage (ν 20-800 GHz) for this science objective. In addition, it was shown in [138] that extended spectral coverage at frequencies ν 40 GHz and ν 400 GHz provides more leverage for constraining the µ-T cross-power spectrum than increased channel sensitivity over a narrower spectral range. Finally, since most of the µ-T correlation is contained at large angular scales 2 ≤ ≤ 500 ( Fig. 4; left) , a space mission scanning the full sky with broad spectral coverage and moderate angular resolution (δθ 0.5 • ) is highly motivated.
The magnitude of this constraint prima-facie is poor compared to the benchmark set by Planck, and, e.g., to the prospect of measuring NG signatures in the galaxy bias [143, 144] . However, such a comparison implicitly assumes the lack of any scale-dependence of the NG parameters. Albeit plausible, the absence of any running of f loc NL over more than 4 orders of magnitude is per se a valuable hint that can lead to further understanding of the underlying physics. Any measurement of this kind would also be a first step toward the invaluable goal of reaching cosmic-variancelimited determination of the µ-T cross correlation which is, to this day, the only proposed way to reach the lower bound set by the Maldacena consistency relation [145] . For comparison we quote the constraints from [146, 147] for decays into e + e − derived from the 3 He/D abundance ratio. Future spectral distortion measurements could improve the constraint on decaying particles with lifetimes t X 10 7 − 10 12 by orders of magnitude. Using the rtype distortion we could furthermore break the degeneracy between particle yield and lifetime, should a significant distortion signal be detected [14, 18] . Figure adapted from [18] 
CMB Spectral Distortions as a Probe of Dark Matter and Particle Physics
The search for dark matter is another example of how spectral distortions probe new physics. Non-baryonic matter constitutes 25% of the energy density of the Universe, but its nature remains unknown. The long-favored WIMP-scenario is under increasing pressure [148] [149] [150] [151] [152] [153] , and emphasis is gradually shifting focus towards alternatives, prominent examples being axions, sterile neutrinos, sub-GeV DM or primordial black holes [154] [155] [156] [157] [158] [159] [160] .
To solve this puzzle, a coordinated multi-tracer approach that combines different particle physics and cosmological probes is needed. Measurements of the CMB anisotropies themselves have clearly helped to establish the presence of DM on cosmological scales and provided tight constraints on DM annihilation and decay [161] [162] [163] [164] [165] [166] [167] [168] and DM-SM-interactions [169] [170] [171] [172] [173] . However, for DM annihilation and decay CMB anisotropies quickly lose constraining power before recombination (z 10 3 ), being impeded by cosmic variance. Similarly, measurements of lightelement abundances [146, 147, 161, 174] , which are only sensitive to non-thermal energy release above nuclear dissociation thresholds in the pre-recombination era [18, 175] , saturated their limits due to astrophysical uncertainties. This is where CMB spectral distortions offer a valuable complementary probe. For decaying particle scenarios, distortions are sensitive to particles with lifetimes t X 10 6 − 10 12 s [14, 18, [176] [177] [178] [179] [180] , providing direct measurement of particle lifetimes via r-type distortions [17, 18] . Existing limits from light-element abundances on the particle yield variable, which provides a measure of the relic abundance and mass of the particle [e.g., see 146, for details], could be improved by orders of magnitude (see Fig. 5 ). Similarly, annihilating particles can be constrained using distortions: the µ-distortion is sensitive to light particles (m 100 keV) and complements γ-ray searches for heavier particles, being sensitive to s-and p-wave annihilation [17, 181] . The rich spectral information added by various non-thermal processes [19, 23-25, 27, 28] will allow us to glean even more information about the nature of dark matter, placing limits on the importance of different decay or annihilation channels.
More work is required, although it is already clear that in addition to the aforementioned examples distortions can meaningfully probe scenarios involving axions [182] [183] [184] , gravitino decays [177, 185] , cosmic strings [186, 187] , DM-SM-interactions [167, 188, 189] , macros [190] and primordial magnetic fields [191] [192] [193] [194] . This opens a path for studying a wide range of new physics. 9
Primordial Black Holes
CMB spectral distortions can also place stringent limits on the abundance of primordial black holes (PBHs) [e.g., 159, [195] [196] [197] . There is good motivation to study these scenarios, because PBHs with masses of m PBH O(10)M may explain the gravitational wave signals [198] [199] [200] emitted in the merger events of (primordial) binary black holes reported by LIGO / Virgo [201] . PBHs with masses in the range m PBH 10 −17 M − 10 −11 M [159, 202] can furthermore still constitute 100% of cold dark matter (see also [110, 196, 203] ). Lastly, PBHs with masses m PBH 3 × 10 3 M − 10 5 M may form the seeds for super-massive black holes (SMBHs) that grow to their current sizes merely by continuous (sub-)Eddington accretion, solving a long-standing problem in cosmology [204] [205] [206] .
To produce PBHs, we expect a large primordial curvature perturbation P ζ 0.03 with a critical density perturbation δ c 0.3 − 0.4 [207, 208] ) at small scales to have collapsed directly into a black hole during the radiation-dominated Universe (see also [209] for the case of an early matterdominated Universe). It is known that large curvature perturbations can indeed be produced by some classes of inflation [98, 196, 210, 211] , curvaton [212, 213] and preheating scenarios [214] , providing further motivation.
With this picture in mind, various ways to limit the abundance of PBHs have been proposed in cosmology and astrophysics [e.g., see 159, 215, and references therein]. Among these methods, the limits from observations of CMB in terms of spectral distortions and modifications to the recombination history of atoms are most robust. Here, we focus on the former effects (See also references about the latter effects from evaporations of PBHs [159, 168, 216] and accretions onto PBHs [217, 218] ). There are two types of constraints on PBHs from the spectral distortions of CMB, each of which is individually induced by 1) dissipation of large density perturbation which is expected to collapse into PBHs and 2) electromagnetic particles emitted by evaporating PBHs. For case 1), it is notable that this effect occurs whenever PBHs are formed by a Gaussian density perturbation. The current bound on the spectral distortions has already excluded PBH masses of m PBH 3 × 10 4 M [205] . In addition, from limits set by Big Bang Nucleosynthesis (BBN) in order not to dilute baryon due to the dissipation [219, 220] , we can exclude masses in the range . Overall, PBHs with masses m PBH 3 × 10 3 M can thus not make more than a faction f dm 10 −8 of the DM when considering the dissipation of Gaussian density perturbation. This already puts PBHs as seeds of SMBHs under strong pressure, and future spectral distortion experiments could further tighten these limits. However, if large non-Gaussian curvature perturbation were created at the relevant small scales (not probed by CMB anisotropies), the above bound could become much milder [222] . In this case, PBH clusters would be expected [e.g., 223], which could furthermore lead to anisotropic distortion signals. Future measurements of CMB spectral distortions could shed further light on these scenarios.
On the other hand, for case 2), existing limits from CMB spectral distortion [224] are currently 10 -10 10 -7 10 -9 10 -8 The resonant conversion between CMB photons into ALPs in the presence of galactic magnetic field produces spatially varying spectral distortion. We plot the expected spectral distortion signal ∆I ν /I ν at 150 GHz for ALP of mass m a = 5 × 10 −13 eV and photon-axion coupling g γγa = 10 −11 GeV −1 using the best-fit model of galactic electron density [245] and magnetic field [246, 247] . The intensity and the shape of the distortion varies with the mass of ALPs m a and the coupling g γγa and is most pronounced at large angular scales. An optical image of our galaxy was overlaid for reference. The north-south asymmetry of the signal stems from the structure of the galactic magnetic field and electron density.
Axion-Like Particles
Axions or Axion-Like Particles (ALPs) are predicted in multiple particle physics scenarios [225] [226] [227] [228] [229] [230] , and their discovery would mark a paradigm shift in the framework of the standard models of cosmology and particle physics. Several particle physics experiments [231] such as CAST [232] , ALPS-II [233] , MADMAX [234] , ADMX [235] , CASPER [236] are looking for the signatures of axions or ALPs over a wide range of masses. Along with the particle physics experiments, cosmological probes such as CMB anisotropies and large-scale structure are exploring the gravitational effects of ALPs on the matter density with the potential to discover ALPs if it constitutes dark matter [160, [237] [238] [239] [240] [241] . The other possibility to probe ALPs (even if they are fraction of DM) is by studying their coupling with photons in the presence of an external magnetic field [242] [243] [244] .
The coupling between ALPs and photons g γγa leads to oscillations between photons and ALPs and vice versa in the presence of an external magnetic field. This effect is one of the cleanest windows for detecting ALPs. The signatures of this non-gravitational interaction of ALPs with photons distort their energy spectrum and thus can be detected robustly if the energy spectrum of the source is well-known. The radiation field of CMB provides us with an excellent source which can be used to detect the distortions due to ALPs [184] . The ALPs distortion (α-distortion) is imprinted on the CMB while it is passing through the external magnetic field of the intergalactic medium (IGM), inter-cluster medium, voids and Milky Way. The conversion from photons to ALPs can be classified into two types, namely the resonant conversion and the non-resonant conversion.
The resonant conversion of CMB photons into ALPs takes place when the photon mass in the plasma equals the mass of ALP. The polarization state of the CMB photon which is parallel to the external magnetic field gets converted into ALPs depending upon the strength of the magnetic field. As a result, it leads to a polarized spectral distortion of the CMB blackbody with a unique spectral shape. Also due to inhomogeneities in the magnetic field of the astrophysical systems, the observed polarized distortion varies spatially which leads to a unique spatial structure that differs from any other known spectral distortions and foreground contaminations. Though the resonant conversion of CMB photons can take place in different kinds of astrophysical systems it can be best measured in Milky Way and galaxy clusters.
The Milky way's galactic magnetic field induces a large angular scale spectral distortion as shown in Fig. 6 . This signal can be targeted with a low-resolution spectrometer like PIXIE or Super-PIXIE. While polarization information increases the sensitivity, even intensity distortion mea- surements can be used to derive stringent constraints. The shape of the ALPs distortion depends upon the mass of the axions and the density of electrons in the Milky Way. For the best-fit model of electron density [245] and magnetic field [246, 247] of the Milky Way, ALPs in the mass range from a m ALP few ×10 −13 eV to a few ×10 −12 eV can be probed by the process of resonant conversion. The measurement of this large angular scale spectral distortion signal requires both wide frequency-and sky-coverage, which is possible only with space-based CMB missions. The same physical effect also arises in galaxy clusters [248] and produces polarized spectral distortions that can be measured using high-resolution CMB experiments with an imaging telescope [58, 249] . Along with the resonant conversion of CMB photons into ALPs, there will also be a nonresonant conversion of CMB photons into ALPs, as the CMB photons propagate through the turbulent magnetic field of our galaxy, IGM and voids [184] . This leads to an unpolarized spectral distortion of the CMB blackbody. This avenue will provide stringent constraints on the coupling strength g γγa for all the masses of ALPs below 10 −11 eV. The first constraint of this kind of distortion is obtained from the data of Planck satellite [250] .
This new probe of ALP physics will be accessible with a CMB spectrometers like PIXIE or Super-PIXIE. In this way, we can explore a new parameter space of the coupling strength g γγa and ALP masses, which are currently beyond the reach of particle-physics experiments. Spectral distortions are capable of discovering ALPs even if they are a fraction of DM and hence will open a completely new complementary window for studying ALPs in nature. The discovery space is enormous and provides a direct cosmological probe into the string axiverse [229] .
The Cosmological Recombination Radiation
The cosmological recombination process causes another small but inevitable distortion of the CMB. Line emission from hydrogen and helium injects photons into the CMB, which after redshifting from z 10 3 are visible today as complex frequency structure in the microwave bands ( Fig. 7 ) [20, [251] [252] [253] [254] [255] [256] [257] [258] . The cosmological recombination radiation (CRR) has a simple dependence on cosmological parameters and the dynamics of recombination; since it includes not only hydrogen but also two helium recombinations, it probes eras well beyond the last-scattering surface observed by CMB anisotropies [21, 22, 259] . Modern computations now include the bound-bound and free-bound contributions from hydrogen, neutral helium and hydrogenic helium and thus allow precise modeling of the total signal and its parameter dependences [22] .
Cosmological recombination process is crucial for understanding and interpreting the CMB temperature and polarization anisotropies [260] [261] [262] [263] . It is thus critical to test our physical assumptions during this era [264] [265] [266] [267] . The CRR provides one of the most direct methods to achieve this. It should enable a pristine measurement of the primordial helium abundance, long before the first stars have formed. On the other hand, it is fairly insensitive to the effective number of neutrino species and thus can help breaking the degeneracy with the primordial helium abundance [22] .
The CRR is also directly sensitive to new physics affecting the recombination dynamics. Decaying or annihilating particles could enhance the total emission caused by the primordial atoms [268] , leaving features that may help determining the time-dependence of the process through uncompensated atomic transitions in the pre-recombination era [e.g., 24 ]. The contributions from both helium recombinations furthermore arise from significantly earlier phases (redshifts z 2000 and 6000, respectively; cf., Fig. 1 ). This opens a new window to the primordial Universe that cannot be directly accessed in another way. Measurements of the CRR will also allow us to directly map the baryon density and other cosmological parameters at z 10 3 across the sky, providing an independent test of statistical isotropy [22] . And finally, variations of fundamental constants should leave observable imprints in the shape of the CRR at otherwise inaccessible epochs [22] .
Although the CRR is one of the smallest signals expected in standard ΛCDM (see Fig. 9 ), its detection is on par with the larger µ-distortion from acoustic damping (see Sect. 3.2). This is because the CRR and its derivatives with respect to the cosmological parameters have many spectral features [e.g., Fig. 7 here and also Fig. 5 and 6 of 22], making it easier to distinguish the signals from the much brighter but smoother foregrounds [269, 270] . For this reason, at very low frequencies (ν few × GHz) the CRR could in principle be targeted from the ground using concepts like APSERa [270] , however, to overcome atmospheric noise and access the more structured signal at high frequencies (ν 100 GHz) a space mission will be required [269] . Super-PIXIE could detect the distortion at the level of 2σ (Sect. 3.2), opening a way to directly test our physical understanding of the z = 10 3 Universe.
Reionization and Structure Formation
The epoch of reionization and the formation of cosmic structures mark additional important transitions in the evolution of our Universe. The largest all-sky spectral distortion signal is indeed caused by the reionization and structure-formation processes [51, [271] [272] [273] [274] [275] . Energy output from the first stars, accreting black holes, and gravitational shocks heats the baryons and electrons, which then up-scatter CMB photons to create a y-type distortion. The overall distortion is expected to reach y few ×10 −6 [51, 274, 276, 277] , about one order of magnitude below the current upper bound placed by COBE/FIRAS. Such a distortion must exist and provides a measure of the total thermal energy in (ionized) baryons in the Universe. Spectrometers like PIXIE or Super-PIXIE will measure this distortion to sub-percent precision (Sect. 3.2, Fig. 10) . The low-redshift y-distortions from reionization and structure formation are furthermore anisotropic [e.g., [51] [52] [53] 55] and thus opens new opportunities for cross-correlation studies (e.g., with CMB and 21 cm tomography).
A large part of the low-redshift Compton-y signal is due to halos with masses M 10 13 M , which contain virialized gas with an electron temperature of kT e 2 − 3 keV. This causes a relativistic temperature correction (rSZ) [280] [281] [282] [283] [284] [285] to the y-distortion that can directly tell us about feedback mechanisms [277] . In addition, both y and the rSZ distortion depend directly on the shape and amplitude of the halo mass function, providing another cosmological measure of the growth of structure. The level of the relativistic contributions is, however, uncertain and current estimates based in X-ray temperature-mass relations may underestimate the signal by a factor of 1.5 − 2 [286, 287] , thus further increasing the detectability of this signal. Nevertheless, with spectrometers like PIXIE or Super-PIXIE, the average relativistic temperature could be determined to tens of standard deviations (Sect. 3.2). With simultaneous high-precision measurements of both y and rSZ, we will be able to place tight constraints on models of feedback in galaxy formation. This is illustrated in Fig. 8 , which shows the range of current predictions for these quantities from [277] . The light blue ellipse encompasses the approximate range of several current predictions for these quantities. Each of the labeled squares denotes a specific prediction from the simulations of [278] , where only the sub-grid feedback model is varied. The green rectangle indicates the range of results for the cosmo-OWLS simulations [279] . The red ellipses show the forecasted constraints on these quantities for PRISTINE and PIXIE (is hardly visible for PIXIE); more powerful missions in the Voyage 2050 program would provide even tighter constraints.
state-of-the-art cosmological hydrodynamics simulations [278, 279] , including precise predictions from different feedback implementations. The figure also shows forecasted constraints for PRIS-TINE and PIXIE, as illustrative spectral distortion missions. It is clear that such measurements will strongly distinguish between current sub-grid feedback models, yielding significant breakthroughs in our understanding of galaxy formation. A direct measurement of the average rSZ temperature would also shed new light on the 'missing baryon problem' [273] without the need to resolve the warm-hot-intergalactic medium, a unique opportunity that we should make use of in the future. The late-time y-distortion has an additional contribution at the level of y few × 10 −8 due to second-order Doppler terms from the large-scale velocity field [272, 288] . This signal and the average distortion from the reionized 10 4 K gas could be accessed by masking resolved SZ clusters, or by isolating the latter signal through cross-correlations with galaxy and cluster catalogs. This procedure also reduces one of the largest primordial distortion foregrounds, the low-redshift y-distortion itself, and would therefore allow us to tighten the upper limits on early energy release occurring at z 10 3 − 10 4 , a unique opportunity for combining CMB spectroscopy and imaging. Measurements at ν 500 GHz will furthermore probe the total cosmic ray energy density of the Universe through the non-thermal relativistic SZ effect [26, [289] [290] [291] ].
Line Intensity Mapping
The measurement of the integrated Far-IR background [292] was a significant legacy of the COBE/FIRAS mission. The amplitude of the Far-IR background suggests that half of the starlight in the Universe is absorbed and reprocessed through thermal dust emission. Similarly to the other spectral distortions, the extragalactic background light provides a synoptic view of energetic processes in all galaxies. The COBE/FIRAS measurement of integrated dust emission became a reference point for two decades of fruitful observations to resolve the sources of this emission into individual galaxies. The continuum radiation spectrum has no identifiers for the redshift of its emission, but cross-correlation with a galaxy redshift survey permits some dissection of the emission into its constituent redshifts [293] . Future spectral surveys will be able to measure not only the dust continuum but also the integral of diffuse line radiation (namely CO ladder, [CII] and [NII]), which maps directly to redshift. This approach of Line Intensity Mapping has attracted significant attention in recent years as a probe for both galaxy evolution and fundamental cosmology [294, 295] . Line emission traces cold, molecular gas (a precursor to star formation) and line emission excited by star formation [296] . COBE/FIRAS has insufficient sensitivity to extract this emission, and searches in the Planck data have hit fundamental limits [297, 298] at a 3σ excess consistent with [CII] emission. New instruments are needed to constrain this signal [299] .
A space-borne FTS is a unique platform for intensity mapping. It provides 1) access to the monopole of line emission [300, 301] , 2) access to the largest modes of anisotropy on the sky, and 3) a highly precise passband calibration through differencing with a blackbody reference. Crosscorrelation with a galaxy redshift survey allows the line signal to be extracted unambiguously from uncorrelated Milky Way foregrounds and may ultimately mitigate cosmic variance [302] . This cross-correlation measures not only the line brightness, but also the SED of average galaxies as a function of frequency and time. PIXIE and Super-PIXIE will have a sufficient number of spectral channels to separate the correlated line and continuum emission [303] . In each of its frequency channels, PIXIE is expected to make a high significance detection of [CII] emission, from the present to z∼2 [302] , and detection of the CO J ladder at z < 1 (depending on poorly constrained emission models). Access to large volumes also permits probes of fundamental physics through searches for primordial non-Gaussianity. Moradinezhad Dizgah and Keating [304] find that a 4year PIXIE survey could constrain σ( f loc NL ) = 2.1, which is comparable to future goals of SKA and SphereX [141, 142] and complements limits obtained with µ-anisotropies (Sect. 2.2). With 10× the capability, Super-PIXIE should reveal redshifted line emission monopole and anisotropy in all frequency channels. Much like for COBE/FIRAS, observations of integrated, redshifted line emission will provide a complement to efforts to catalog line emission from individual sources [305] .
Resonant Scattering Signals
Interactions of CMB photons with atoms can imprint additional frequency-dependent signals through resonant [306] [307] [308] [309] [310] [311] [312] [313] and Rayleigh scattering effects [314, 315] , or via collisional emission processes [313, [316] [317] [318] , providing independent ways for learning about recombination, the dark ages and reionization. A detection of these frequency-dependent signals, even at large angular scales, is limited in general by sensitivity, foregrounds and especially by the accuracy of the intercalibration between channels. The required level of precision will be naturally achieved by the proposed mission concepts for spectral distortions discussed here.
Importantly, some of the signals can be detected using a spectrometer with moderate angular resolution ( 300) . For example, the resonant scattering of CMB photons in the Hα line during cosmological recombination [309, 312] is detectable with PIXIE or Super-PIXIE, providing a crucial demonstration of the methodology, which can be used for other lines (e.g. Pα) and novel polarization signals (i.e., T E and EE from Hα) with a PRISM-like mission that hosts both a CMB spectrometer and high-resolution imager [32] . The resonant scattering of CMB photons by the fine-structure lines of metals and heavy ions (i.e., OI, OIII, NII, NIII, CI, CII) produced by the first stars can also be observed at angular scales around the first Doppler peak. This effect causes a blurring of the original CMB anisotropy field on intermediate angular scales given by δC −2τ X C CMB [308, 311] , where τ X denotes the optical depth associated to a given transition X and C CMB is the primordial CMB anisotropy angular power spectrum generated at z 1100. Typical frequencies involved in a few of the most relevant lines are ν obs 190 × 10/(1 + z) GHz, 475 × 10/(1 + z) GHz, and 206 × 10/(1 + z) GHz for the [CII] 157.7 µm, [OI] 63 µm, and [OI] 145 µm transitions, respectively. Here, z denotes the resonant scattering redshift. An FTS can provide relative calibration between different frequency channels at the level of few nK for ν < 600 GHz, thus enabling a sensitivity to values of τ X as low as 10 −5 . As shown in Fig. 8 of [58] , this level of inter-channel calibration uncertainty can shed light on the history of the metal pollution of the IGM during the end of the dark ages and the reonization epoch, thus constituting an alternative window to those cosmological times that is totally complementary to HI 21 cm observations. Finally, the UV radiation field generated by stars at the end of the Dark Ages and during the reionization epoch influences the spin temperature associated with fine-structure transitions like [OI] 63 µm, [OI] 145 µm, and [CII] 157.7 µm [317] . Through the Field-Wouthuysen effect, these transitions may be seen in absorption/emission against the CMB backlight, and thus will generate another type of distortion to the CMB blackbody spectrum at the 10 −10 -10 −7 level that is only reachable with a spectrometer in the ESA Voyage 2050 Program.
THE PATH FORWARD WITH CMB SPECTRAL DISTORTIONS
Technological challenges
The seminal measurements of the CMB blackbody spectrum by COBE/FIRAS in the early '90s cemented the Hot Big Bang model by ruling out any energy release greater than ∆ρ γ /ρ γ 6 × 10 −5 (95% c.l.) of the energy in CMB photons [2, 3, 7] . Advances since then, in both detector technology and cryogenics, could improve this constraint by four orders of magnitude or more (e.g., with experimental concepts like PIXIE [40, 41] , PRISM [32] , PRISTINE [319] or Super-PIXIE [57] ), opening an enormous discovery space for both predicted distortion signals and those caused by new physics. On the timescales relevant to the Voyage 2050 program we expect to go beyond, surpassing the crucial threshold of detecting the dissipation µ-distortion at more than 3σ.
COBE/FIRAS was not background limited; its sensitivity was set instead by phonon noise from the 1.4 K detector. Modern detectors, operating at 0.1 K, would have detector (dark) noise well below the intrinsic limit set by photon arrival statistics. The sensitivity of a background-limited instrument could be further improved by increasing its throughput or the integration time and, in a less trivial way, by modifying the mirror stroke (i.e., frequency-sampling) and reducing the optical load at high frequencies [57] . Combining replicas of the same telescope design can additionally enhance its capabilities. Modern blackbody calibrators now also reach sufficient thermal and spectral stability for the task. All these technological challenges can be overcome and it is possible to reach the required spectral sensitivities and coverage using FTS approaches that build on the legacy of COBE/FIRAS [32, 40, 41, 57, 319] .
As a point of comparison, it is worth noting that the raw instrumental sensitivities under consideration for these spectral distortion measurements are in the same range as recently proposed CMB imaging missions for the 2030s. For example, the NASA-proposed Probe of Inflation and Cosmic Origins (PICO) aims to achieve an overall map-level sensitivity of ≈ 0.5-1 µK-arcmin, after combining all of its 21 frequency channels (considering noise only, i.e., no foregrounds) [139] . Averaging over the full sky, this corresponds to a monopole sensitivity of ≈ 0.02-0.04 Jy/sr at a reference frequency of 150 GHz. This is even below the range considered for an ESA Voyage 2050 spectral distortion mission concepts shown in Fig. 9 . Of course, more channels and absolute calibration are needed for the spectral distortion measurements in comparison to an imager, but nevertheless it is clear that the relevant raw sensitivities are entirely feasible [32, 40, 41, 57, 319] .
The designs of previously considered spectrometer concepts have evolved significantly in the past few years due to our improved understanding of the foreground challenge (Sect. 3.2). PIXIE was proposed as a NASA mid-Ex mission (duration 4 years, resolution δθ 1.5 • ), while PRISTINE was put forward as an F-class mission to ESA (duration 2 years, resolution δθ 0.75 • ). The Super-PIXIE concept was described for the recent NASA Decadal Survey 2020 (duration 4-10 years, resolution δθ 0.5 • − 2 • depending on the band) [57] . All these concepts used polarizationsensitive, absolutely-calibrated FTSs, with hundreds of spectral channels covering ν 10 GHz − few×THz. The estimated sensitivity curves and channel distributions are illustrated in Fig. 9 relative to the foreground and spectral signals. For Super-PIXIE, the frequency range was split into three separate bands (each with many channels), to improve foreground mitigation. The anticipated spectral distortion constraints are summarized in Fig. 10 . Super-PIXIE can reach σ(y) 1.6 × 10 −9 , σ(kT e ) 0.02 keV, σ(µ) 7.7 × 10 −9 and σ(∆T ) = 10 nK in eight years of observation even after foreground marginalization (Sect. 3.2), and thus crosses the critical thresholds for detecting the dissipation µ-distortion and CRR, embracing all expected distortions in the CSM. 
Foreground Challenge for CMB Spectral Distortion
Robust detection of spectral distortion signals in the presence of bright astrophysical foregrounds requires observations over multiple decades in frequency, between 10 GHz and a few×THz. Our current understanding of the intensity foregrounds comes primarily from Planck, WMAP and assorted ground-based experiments. At the sensitivities of these observations, the intensity foregrounds could be modeled with sufficient accuracy using a limited set of parameters. We use this foreground parametrization to make spectral distortion forecasts [320] . Figure 9 compares several predicted spectral distortions [e.g., 36, for overview] and the largest astrophysical foregrounds to the sensitivity of possible next-generation spectrometers. At high frequencies, the foregrounds are dominated by dust emission from the Milky Way and the cosmic infrared background, while at low frequencies Galactic synchrotron and free-free emission dominate.
Pioneering steps towards y 10 −7 − 10 −6 and technology development may be possible from the ground and balloons, using concepts similar to COSMO, OLIMPO [321, 322] , ARCADE [323, 324] and BISOU [325] . However, because the distortions peak at frequencies above 200 GHz, broad frequency coverage outside the atmospheric windows ultimately requires a space mission to detect µ 10 −8 or the CRR [269, 270, 301, 320, 326, 327] . To prepare for the analysis of CMB spectral distortions, we will be able to capitalize on existing analysis techniques [e.g., 328] used in CMB anisotropy studies, although a new synergistic approach (combining multiple data sets) and observing strategy (e.g., small-patch vs. all-sky) have yet to be fully developed.
Using the known foreground signals, expected CMB spectral distortions, and realistic frequency coverage and sensitivity estimated from currently existing technologies (see Fig. 9 ), we produce forecasts for various spectrometer concepts, summarized in Fig. 10 . A detailed description of the forecasting method can be found in Abitbol et al. [320] . The key points are as follows: a pathfinding concept like PRISTINE could detect the relativistic SZ distortion at 2σ, measure the expected y-distortion at high significance and deliver an upper limit of |µ| < 8 × 10 −7 (95% c.l.) using readily available technology with only 2 years of integration time. This would already yield important constraints on galactic feedback models ( Fig. 8) and also provides us with invaluable information about distortion foregrounds. Should polarization sensitivity be included, these observations could also be used to obtain a cosmic-variance-limited measurement of τ and further mitigate foregrounds in planned B-mode polarization searches [319] . PIXIE's extended low-frequency coverage and enhanced sensitivity produces strong improvements over PRISTINE in detection significances for kT e and y (see Fig. 10 ), while improving the upper limit on µ-distortions by an additional order of magnitude to |µ| < 8 × 10 −8 (95% c.l.). The Super-PIXIE concept employs significantly more low-frequency sensitivity and could surpass the threshold for a detection of µ = 2 × 10 −8 at 3σ. New information on the complexity of foregrounds could allow for better mission optimization in terms of angular resolution, scan strategy, sensitivity and frequency coverage. With sensitivity improvements over Super-PIXIE by a factor of 5 (ignoring even an optimized frequency sampling from better understanding of the foreground complexity), a Voyage 2050 spectral distortion mission could target a 0.02% measurement of y, a 0.3% measurement of rSZ, a 10% or better measurement of µ, and a 10% measurement of the cosmological recombination lines. This would cross all thresholds for characterization of the distortion expected in the CSM, while covering the full discovery space to new physics (see Fig. 11 ).
For these estimates, percent-level priors on the low-frequency foregrounds were imposed, anticipating external information from ground-based low-frequency observatories (e.g., C-BASS and S-PASS) to become available. For PRISTINE, this has a significant impact on the forecasted errors, while the other cases are far less affected, suggesting that PRISTINE's science capabilities could be significantly enhanced by adding channels below ν < 90 GHz.
Possible Mission Concepts and Experimental Roadmap
The next frontier in CMB spectroscopy is to detect the tiny departures from a perfect blackbody predicted in the current paradigm (see Fig. 9 ). This will open a completely new window on cosmology and particle physics, which is within reach of present-day technology, but requires a huge step forward in overall sensitivity from COBE/FIRAS -ideally a factor of no less than 10 5 (see Fig. 11 for science thresholds). This sensitivity can be achieved using FTS concepts (for illustration see Fig. 12 ) and we advocate for such a space mission in the ESA science program for 2035-2050.
However, while technically the required improvement of sensitivity seems within reach by 2035, and possibly even before that, it calls for a dedicated roadmap that builds on the heritage of COBE/FIRAS but minimizes the risks of too bold a single-step jump into the unknown. Foregrounds, in particular, are a source of concern. Past experience has shown that each new space mission operating at microwave and submillimeter wavelengths came with surprises concerning galactic and extragalactic foregrounds, resulting in substantial revisions to pre-existing models. So far, all obstacles could be overcome and we are optimistically looking towards future CMB anisotropy measurements to further our understanding of the Universe. In CMB spectroscopy, it will be crucial to understand how to best deal with those foregrounds, reducing residuals to 0.1 Jy/sr or better. This will be learnt from improved observations in the next decade. Taking into account programmatic constraints at ESA and potential partners, we advocate for two possible paths forward to achieve the science goals in the ESA Voyage 2050 timeframe.
L-class mission with pathfinder
In the first scenario, we envision an ambitious L-class space mission based on a scaled and further optimized version of Super-PIXIE [57] with 2-5 times better sensitivity or more. This could allow a measurement of all the expected primordial distortions, in particular, a > 5σ detection of the µ-distortion from dissipation and the CRR (see Fig. 10 ), crossing the threshold to characterizing these signals. In this case, a low-cost pathfinder, similar to PRISTINE [319] and consisting of a single FTS with a sensitivity improved by a factor 10 2 − 10 3 over COBE/FIRAS, could be flown in low-earth orbit around 2025-2030. Even a pathfinder like this would already cross important science thresholds (see Sect. 3.2, Fig. 10 ), however, slightly enhanced low-frequency coverage and sensitivity may be desirable (see Sect. 3.2). Based on the knowledge built in the analysis of the data from the pathfinder, we would further optimize the spectrometer for measuring spectral distortions in the presence of foreground emission. If polarization sensitivity is included, the pathfinder could furthermore complement ongoing searches for primordial B-modes, providing extra high frequency coverage and hence significant leverage for foreground removal at large angular scales if flown on until 2030. This information could also be used to explore if polarization sensitivity can help with the cleaning of intensity foregrounds in spectral distortion studies.
In addition to optimizing the L-class spectrometer for foreground removal, one will have to understand how to best make use of data sets that will be available by then. Ground-based observations at low-frequencies ν 5 GHz, e.g., with C-BASS, S-PASS or the SKA, will provide valuable new information to constrain the fluctuating part of the low-frequency foregrounds. LSST, Euclid and DESI will have completed their galaxy surveys, allowing to build direct models for extra-galactic foreground signals that can be utilized. SO, CMB-S4 and Litebird are also expected to have completed their observations and in combination with the spectrometer will again allow us to further model and subtract the fluctuating parts of the distortion foregrounds. Combined with the unprecedented control of systematics, frequency coverage and spectral sensitivity of the envisioned spectrometer this will provide us with the necessary tools to tackle various challenges.
While the required FTS technology has existed for several decades and is well understood, we may need to further explore alternatives to cover the low-frequency end (ν 5 − 50 GHz) of the spectrum. This band yields the largest gains for measuring µ-distortions [320] and spectrometeron-chip or radiometer designs may perform better. In tandem with the pathfinder, an optimized L-class spectrometer should deliver breakthrough science encompassing all CSM distortions.
M-class mission within Voyage 2050 Program
The second option would be to fly, preferably by 2030-2035 and thus in collaboration with international partners, an intermediate (e.g., M-class) mission with a spectrometer design closely following Super-PIXIE [57] . Depending on budgetary constraints, the number of FTS replicas can be adjusted, although the main cost driver stems from the cryogenic cooling chain. We expect small changes to the design to be compensated by further optimization of the instrument, so that a mission like this should be able to detect the dissipation µ-distortion at 3σ. Although the µ-detection significance could still suffer from foreground complexities, accurate measurements of the low-redshift y-distortion and SZ temperature correction are guaranteed. A vast discovery space would furthermore be explored, constraining many new physics examples with significantly improved bounds on µ (see Fig. 11 ). In addition, there is a guaranteed scientific harvest from the delivered, absolutely-calibrated all-sky maps at hundreds of frequencies, not only for cosmology but also for many branches of astrophysics (see Sect. 3.4) . Ultimate spectral distortion measurements would then be targeted with an independent future L-class space mission (potentially capitalizing on ideas to go back to the moon) beyond Voyage 2050. 20
Synergies
A CMB spectrometer will deliver many new constraints for cosmology (e.g., Fig. 10 and 11 ). Here, we wish to emphasize the synergistic gains from combining it with future CMB imaging (ground-or space-based), 21 cm measurements and galaxy surveys. A CMB spectrometer will obtain low-resolution (δθ 1 • ), absolutely-calibrated maps of the full sky at hundreds of frequencies. These maps will allow us to calibrate high-resolution CMB imagers to unprecedented levels, opening many possibilities for studying CMB secondaries [58] . They will also help with the cleaning of CMB foregrounds at the largest angular scales, providing unprecedented control of systematics and allowing us to explore significantly extended foreground parametrizations [e.g., 326 ]. If polarization sensitivity is included, as in all currently considered spectrometer designs, this would also allow us to obtain a cosmic-variance-limited measurement of τ and help in further improving constraints on primordial B-modes. This, however, requires additional consideration, since it implies reduced spectral distortion sensitivity iv .
In return, high-resolution CMB imaging with upcoming or planned experiments (e.g., SO, CMB-S4 and Litebird) and low-frequency (ν 10 GHz) observations by ground-based experiments (e.g., C-BASS, S-PASS and SKA) can provide vital information about the spatially-varying foreground components at small scales. LSST, Euclid and DESI will further help us to improve models of extra-galactic foreground signals (e.g., integrated CO emission [e.g., 300, 316, 329] ). Combined with the CMB spectrometer, these will allow us to mitigate many of the foregrounds, enabling us to inch closer to the ultimate goals of detecting and characterizing µ and the CRR.
A CMB spectrometer will also open the path for many cross-correlation studies with future 21 cm measurements and galaxy surveys to further improve our understanding of the low-redshift universe at the largest angular scales [44, 45, 51, 52, 55] . It can also be used to study the origin of large-scale CMB anomalies and isotropy of the Universe [56, 330] . All of the above provide unique scientific opportunities within the ESA Voyage 2050 Program that would further our understanding of astrophysics and cosmology.
CONCLUSIONS
CMB spectral distortions probe many processes throughout the history of the Universe. Precision spectroscopy, possible with existing technology, would provide key tests for processes expected within the CSM and open an enormous discovery space to new physics. This offers unique scientific opportunities for furthering our understanding of inflation, recombination, reionization and particle physics. Several experimental and theoretical challenges have to be overcome before we can fully exploit this new window to early-and late-universe physics. However, the potential gains are immense and the field is entering a phase of accelerated growth after decades of dormancy. With a coordinated approach, we could thus see first precision measurements of some of the fundamental observables of our Universe in the ESA Voyage 2050 Program. World-wide this would be a unique initiative for advancing the long-standing legacy of COBE/FIRAS.
Notes
i When referring to the cosmological standard model (CSM) we assume the ΛCDM parametrization, supplemented by the Standard Model of particle physics, admitting that the presence of dark matter and dark energy requires physics beyond the latter.
ii To avoid the unrealistic GW spectrum generated by a δ-function scalar power spectrum, we plot all integrated constraints using a k 4 spectrum -see [80] for the reason for this choice. The peak sensitivity for µ-distortions is effectively unchanged were we to instead plot constraints for δ-function features in the power spectrum with the same integrated power (see Fig. 9 therein), and also [331] .
iii In practice we rescaled the Planck covariance matrix assuming factors of 2 error improvements for A S , n S and n run . iv The calibrator is stowed in polarization-mode, when both apertures directly observe the sky.
